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Abstract 
We performed all-atom molecular dynamics simulations and calculated free energy profiles and 
pKa values for neutral and anionic forms of single myristic (C14:0), palmitic (C16:0) and stearic 
(C18:0) fatty acid in the DOPC bilayer and explicit solvent. We showed that neutral forms of fatty 
acids are stabilized inside the bilayer by hydrogen bonding of fatty acid carboxylic group with 
DOPC phosphate and carbonyl group. In contrast to the neutral form, anionic fatty acids are 
shifted towards water-membrane interface and are instead stabilized by hydrogen bonding to 
interfacial water. By using umbrella sampling simulations, we calculated free energies of 
stabilization and revealed that free energy of stabilization inside the bilayer increases with the 
chain length for both neutral and deprotonated forms. On the other hand, free energies of flip-
flop of neutral forms are constant upon the prolongation of the fatty acid. Based on the free 
energy curves, we also calculated apparent fatty acid pKa,app values in the bilayer which are 6.70, 
6.94 and 6.63 for myristic, palmitic and stearic acid.  By further analysis of the calculated curves 
we found that spontaneous protonation of fatty acid anions takes place in the bilayer interior at 






An adequate intake of free long-chain fatty acids (FFA) is essential for cells and organism 
growth and development.1,2 FFAs can easily flip-flop across the bilayer in their neutral form 
according to the concentration gradient and without the need for protein assistance.3–7 On the 
other hand, the transport of the anionic form is far more difficult and has not been experimentally 
detected since the energy penalty for bringing the charged molecule across the bilayer is very 
high and is probably assisted by the cellular membrane protein machinery, in particular 
uncoupling proteins (UCPs).5,8–10 Interestingly, the transport of protons across bilayers with 
incorporated UCPs assisted by fatty acids also depends on the length of the saturated fatty acid 
chain and decreases with the chain length if it is longer than 12 carbon atoms.11 This is in contrast 
to the well-known Overton rule12 which predicts that upon the increase of the hydrophobicity, 
diffusion across bilayers should increase. This discrepancy has been attributed to the lower 
solubility of longer fatty acids in water in comparison to the shorter ones and not to actual 
decreased membrane permeability of longer fatty acids.6 Importantly, it has been found that 
proton transport across the bilayer increases with the degree of unsaturation of fatty acid,10 
further implying the importance of fatty acid in the proton transport. 
In addition to adsorption and desorption of fatty acids at/from the bilayer, the flip-flop of 
fatty acids across membranes constitutes a key step in the proton transport mechanism. Since 
only neutral fatty acids can effectively cross the bilayer, the equilibrium ratio of neutral/anionic 
forms of fatty acids, i. e. the apparent pKa value of fatty acids in the bilayer, is essential for better 
understanding of the process. Due to different hydration and water dynamics in the bilayer 
interior where fatty acids are incorporated,13,14 the protonation state of the fatty acid differs 
significantly from the bulk phase which results in the shift of apparent pKa of the fatty acid in the 
bilayer towards higher values in the hydrophobic environment15 as compared to the bulk where 
its estimated value is around 4.75. Experimental determination of fatty acid pKa values is difficult 
and gives values which significantly differ from each other depending on the used experimental 
technique.16–20 In our recent work, we have determined experimental pKa values of FFAs by 
measuring zeta-potential of liposomes reconstituted with 40 mol% of FFAs. Notably, pKa values 
increase with chain length for saturated FFAs (in the range of 6.25 – 7.28 for C16:0 – C20:0) and 
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decrease with the number of double bonds (in the range of 7.28 – 6.13 for C20:0 – C20:4). This 
effect has been explained by analyzing the differences in the hydrophobic interactions between 
lipid acyl chains and incorporated FFAs which depend on the FFA chain length.21 
So far, to the best of our knowledge, there are several papers dealing with pKa calculations 
using constant pH molecular dynamics and/or coarse grained molecular dynamics,22–26 but none 
of them have dealt with the pKa dependence on the fatty acid length in a systematic manner. 
Therefore, in this work we use all-atom molecular dynamics (MD) simulations in the combination 
with free energy umbrella sampling calculations and explicit solvent to theoretically determine 
the pKa values of the fatty acids in 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) bilayers 
depending on the fatty acids length. 
 
Computational details 
In order to understand the details of the H+ transport via fatty acid flip-flop, we considered 
neutral and anionic form of three long-chain free fatty acids: myristic acid (C14:0), palmitic (C16:0) 
and stearic (C18:0) acid in the 1,2-dioleoyl-sn-glycero-3-phosphocholine bilayer. To provide a 
reasonable model for a DOPC membrane, we constructed the system which contained 64 lipids 
per leaflet, ca. 11500 water molecules, a single fatty acid and Na+ ion in the anionic form of FFA 
for neutralization. Molecular dynamics simulations were performed in a periodic box with the size 
of ca. 6.5 nm x 6.5 nm x 12.3 nm. Slipids force field27–29 was used for DOPC molecules and fatty 
acids and TIP3P30 for water. Atomic charges for all neutral and anionic forms of FFAs were 
calculated by the protocol used for Slipids force field parameterization27, i.e. Merz-Singh-Kollman 
scheme31 with the B3LYP/6-31G(d) optimized geometry followed by a single point ESP charge 
calculation using B3LYP/cc-pVTZ level of theory. RESP method32 was used to obtain the final 
charge refinement of the FFA by using AMBER Antechamber module.33 All simulations were 
performed at constant temperature of 310 K employing the Nosé–Hoover thermostat34 
independently for the DOPC bilayer/FFA and water subsystems with a coupling constant of 0.5 
ps-1. Pressure was held at 1 bar using the semi-isotropic Parrinello-Rahman barostat35 with the 
time constant for pressure coupling of 10 ps-1. Electrostatics were obtained by the particle-mesh 
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Ewald (PME) method36 with the real space Coulomb interactions cut off at 1 nm using a Fourier 
spacing of 0.12 nm with the Verlet cut-off scheme. All FFAs were placed in the DOPC bilayer and 
simulated for 200 ns of classical molecular dynamics. Initial configurations for umbrella sampling 
simulations were generated from two independent simulations, where a single FFA molecule 
(neutral and anionic form) was pulled from the equilibrium position in each of the leaflets towards 
water phase and bilayer center, respectively, using force of 1000 kJ mol-1 nm-2 and rate of 0.001 
nm ps-1. In this way, we obtained 90 initial configurations for each system spanning distances 
from -4.5 to 4.5 nm from the bilayer center in z direction thus covering the whole bilayer. In order 
to properly sample translocation of FFA anion across the bilayer center and to remove artefacts 
resulting from too strong interaction of FFA anion and lipid phosphate groups, we performed 
replica exchange umbrella sampling simulations (REUS) for the anionic form of all FFAs in the 
range of -2 nm to 2 nm (in total 40 configurations per FFA), similar to previously published 
procedures.37,38 Exchanges between adjacent replicas were attempted every 2 picoseconds 
between neighboring replica pairs. A harmonic restraint with a force constant of 1000 kJ mol-1 
nm-2 was applied to the distance between the carbon atom of carbonyl group in fatty acid and 
the centre of mass of the bilayer with 0.1 nm spacing between biasing potentials. In REUS 
simulations, force constants of 2000 and 3000 kJ mol-1 nm-2 were used for four configurations 
around the bilayer center, with spacing of 0.07 nm between them. For each fatty acid the 
simulation time of 30 ns per umbrella window was used with a 2 fs time step, except for REUS 
simulations where simulation time was 40 ns per umbrella window. First 5 ns were considered as 
equilibration in each window and were discarded from the further analysis. Potential of mean 
force (PMF) calculations were performed using the umbrella sampling, while the weighted 
histogram analysis method (WHAM) was used to calculate the PMFs from the biased 
distributions.39 Final free energy curves were obtained by symmetrization of the profiles in each 
of the leaflets and error bar were calculated using the Bayesian bootstrap analysis with 50 
bootstraps.39 Free energy profiles were set to zero in bulk water for all anionic forms, and all 
neutral forms were shifted by free energy of protonation in water of 3.2 kcal mol-1 assuming pKa 
value of all fatty acids in water is 4.7540 and pH of water solution is 7. We calculated pKa values in 
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membranes as a function of z from the PMFs difference between shifted anionic and neutral form 




     (1) 
p𝐾𝑎= pH + ∆p𝐾𝑎    (2) 
 
Finally, the apparent pKa,app value of fatty acids was calculated using equilibrium free energies of 
anionic and neutral fatty acid (shifted by free energy of deprotonation of 3.2 kcal mol-1). All 
simulations were run with the GROMACS 5.1.4 software package43 with PLUMED 2.4 plugin44 
while quantum chemical calculations were performed using Gaussian 09.45 
 
Results and discussion 
In this section, we present density profiles, hydrogen bonding capabilities and free energy 
profiles of free fatty acids, separately for neutral and anionic form in the DOPC bilayer. Both forms 
exist in yet undetermined ratio in the bilayer, depending on their pKa value which is different than 
pKa values in water due to hydrophobic environment of the bilayer,15 and are equally important 
for theoretical determination of their acidity using equations (1) and (2). Figure 1 shows number 
density profiles for myristic (C14:0), palmitic (C16:0) and stearic acid (C18:0) in neutral and anionic 
forms, respectively, immersed in DOPC bilayer after 200 ns of simulation. In the case of neutral 
FFAs, the fatty acid carboxylic group is inserted deeper in the bilayer, below the DOPC carbonyl 
group (Figures 1a-c). In contrast, the carboxylic group of the anionic form is by ca. 0.5 nm shifted 
towards water-membrane interface, and located between the DOPC phosphate and DOPC 
carbonyl group (Figure 1, d-e). Interestingly, this position shift is almost constant for all fatty acids 
regardless of the fatty acid chain length as previously shown in MD simulations with high 
concentrations of FFAs in DOPC bilayer.21 We also see that almost all other elements of density 
profiles for both neutral and anionic fatty acids look very similar on a first sight, and equilibrium 
positions of selected groups is changed slightly upon prolongation of the fatty acid chain. The 
small differences are visible in the position of the fatty acid center of mass and terminal carbon 
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atoms which gently move towards the bilayer interior, both for neutral and anionic fatty acids. 
Notably, the number density maximum for terminal carbon atom is shifted across the bilayer 
center for neutral C16:0 and especially for neutral C18:0 FFA (Figure 1, b-c). The deeper location 
of neutral fatty acids compared to anionic forms, together with the increase of the insertion 
depth, have also been observed experimentally for fluorescent probes attached to fatty acids by 
using parallax analysis of fluorescence quenching.46  
 
Figure 1. Number density profiles of neutral myristic, palmitic and stearic acid (a-c) and anionic myristic, palmitic and 
stearic acid (d-f). Number density of DOPC nitrogen atom is shown in red, DOPC phosphate atom is shown in orange, 
DOPC sn1 carbonyl atom is shown in black and oxygen water atom is shown in blue color. Number density of neutral 
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(a-c) and anionic fatty acid (d-f) center of mass are shown in purple, number density of carboxylic carbon atom C1 of 
neutral (a-c) and anionic fatty acid (d-f) is shown in green (magnified by a factor of 20), whereas number density of 
terminal carbon atom Ctail is shown in light grey color (magnified by a factor of 20). 
 
The physical reason behind different equilibrium position of neutral/anionic forms is in the 
ability of neutral carboxylic group to make hydrogen bonds with the DOPC phosphate and 
carbonyl groups, in contrast to anionic form of the acid.  This is visualized in Figures 2 and 3, where 
radial distribution functions (RDFs) between P atom of DOPC phosphate group (Figure 2) and C 
atom of DOPC carbonyl group belonging to sn1 chain and vs. C atom of carboxylic acid group 
(Figure 3), respectively, are presented. We chose the phosphorus and carbon atoms of DOPC and 
fatty acids in order to simplify analysis of hydrogen bonding capability. Analysis of the results 
show that the first RDF maximum between neutral fatty acid carboxylic group vs. both DOPC 
phosphate (Figure 2a) and DOPC carbonyl group (Figure 3a) is shifted toward smaller interatomic 
distances of ca. 0.45 nm and followed by the less pronounced second RDF maximum at around 
0.85 nm for both groups. Moreover, the first and second maxima are located at the same distance 
corresponding to hydrogen bonding between neutral fatty acid carboxylic group serving as 
hydrogen bond donors and DOPC phosphate and carbonyl groups which act as hydrogen bond 
acceptors. In particular, hydrogen bonding is stronger towards DOPC carbonyl group, which is 
evidenced by more pronounced maximum in the RDF compared to DOPC phosphate group (Fig. 
2, a). It is also interesting to note that there are no large differences in the RDFs between fatty 
acids themselves, i. e. there are no substantial quantitative differences in hydrogen bonding 
capability regardless of the fatty acid chain length. Conversely, in the case of anionic fatty acids, 
the first RDF maximum between carboxylic group and DOPC phosphate group is shifted towards 
larger interatomic distances of ca. 0.60 nm, followed by the second RDF maximum at around 0.80 
nm (Figure 2, b) which indicates no formation of hydrogen bond since the corresponding atoms 
are too far away, instead forming a solvent separated pair. In the case of RDFs between carboxylic 
group and DOPC carbonyl group, the first maxima are located at ca 0.55 nm whereas the second 




Figure 2. Radial distribution functions g(r) between carboxylic carbon atom of neutral fatty acid and DOPC 
phosphorus atom (a) and between carboxylic carbon atom of anionic fatty acid and DOPC phosphorus atom (b) for 






Figure 3. Radial distribution functions g(r) between carboxylic carbon atom of neutral fatty acid and DOPC carbonyl 
sn1 atom (a) and between carboxylic carbon atom of anionic fatty acid and DOPC carbonyl sn1 atom for myristic 
(black), palmitic (red) and stearic fatty acid (blue). 
 
Now we turn to the analysis of free energy profiles for neutral and anionic forms of fatty acids 
in the bilayer. Figure 4a shows free energy profiles of neutral and anionic fatty acids in the DOPC 
bilayer. We see that neutral fatty acids are getting more stabilized with the chain length as 
evidenced in free energy of stabilization Gstabilization, being -9.8 ± 0.2 kcal mol-1 for myristic acid, 
-11.3 ± 0.2 kcal mol-1 for palmitic acid and -13.0 ± 0.1 kcal mol-1 for stearic acid (Table 1). As free 
energy profiles show, the neutral form of fatty acids is stabilized inside the bilayer, with the 
minimum located at ca. 1.0 – 1.2 nm from the bilayer center. There is a small shift in the 
equilibrium position between fatty acids, but it is very difficult to quantify it due to the shallow 
energy minimum. Upon translocation of the fatty acid across the bilayer, there is no pronounced 
maximum in the bilayer center, and an energy plateau is formed instead indicating that the 
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neutral form of fatty acid is more stable in the center of the bilayer than in the water phase. Free 
energy barriers for the flip-flop of neutral fatty acid Gflip-flop are 3.0 ± 0.3 kcal mol-1 for myristic 
acid, 3.0 ± 0.3 kcal mol-1 for palmitic acid and 3.1 ± 0.2 kcal mol-1 for stearic acid (Figure 4a), similar 
to recent replica exchange umbrella sampling simulations for transfer of neutral palmitic acid 
across prototypical yeast membranes38 and other computational studies3,26.  The calculated low 
flip-flop barrier heights would imply the very fast flip-flop of neutral fatty acids across bilayers 
that is in agreement with previous experimental work by Hamilton group.4,47,48 Moreover, these 
values also go along with experimental conductance measurements of proton transport by 
Gutknecht49 who has shown that the proton conductance across bilayers induced by fatty acids is 
independent on the chain length as suggested by the present MD simulations.  
 
Figure 4. Free energy profiles for neutral myristic (black), palmitic (red) and stearic acid (blue) are shown in panel a). 
Free energy profiles for anionic myristic (black), palmitic (red) and stearic acid (blue) are shown in panel b). Free 




Table 1. Free energies of stabilization ΔΔG
stabilization
 of different fatty acids for neutral and anionic form of fatty acid (in 
kcal mol-1 ) together with the apparent pKa values pKa,app.  
fatty acid C14:0 C16:0 C18:0 
 neutral anion neutral anion neutral anion 
ΔΔG
stabilization
 -9.8 ± 0.2 -7.8 ± 0.3 -11.3 ± 0.2 -8.3 ± 0.2 -13.0 ± 0.1 -11.2 ± 0.5 
ΔΔG
flip-flop
 3.1 ± 0.3 16.0 ± 0.4 3.0 ± 0.3 15.7 ± 0.2 3.1 ± 0.2 16.4 ± 0.7 
pK
a,app
 6.70 ± 0.10 6.94 ± 0.08 6.63 ± 0.14 
 
On the other hand, behavior of anionic form of fatty acid in the bilayer is quantitatively different. 
In particular, anionic forms are as less stabilized in the bilayer headgroup region, as compared to 
neutral FFAs, with free energies of stabilization Gstabilization of -7.8 ± 0.3 kcal mol-1, -8.3 ± 0.2 kcal 
mol-1 and -11.2 ± 0.5 kcal mol-1 kcal mol-1 for myristic, palmitic and stearic acid anion (Table 1) 
which show minima at ca. 1.6 – 1.8 nm from the bilayer center close to the water interface (Figure 
4b). Upon translocation across the bilayer, the anionic form of the acid has to cross a significant 
free energy barrier Gflip-flop of 16.0 ± 0.4 kcal mol-1, 15.7 ± 0.2 kcal mol-1 and 16.4 ± 0.7 kcal mol-
1 for myristic, palmitic and stearic acid, respectively (Table 1). These high barriers are connected 
to the transfer of a charged group through strongly hydrophobic bilayer interior and are close to 
the values obtained also for different ions, such as K+, Na+, Cl-,50,51 charged amino acids,42 and are 
also similar to other simulation studies of fatty acid anions.26,38 Interestingly, the free energy 
barriers for anion translocation are independent on the chain length, similar to neutral fatty acids. 
 In the next step, we used free energy curves of neutral and anionic fatty acid forms to 
calculate pKa values in membranes using equations (1) and (2) as shown in Figure 5. The pKa value 
of carboxylic group in water is 4.75 and it is used as a reference for all simulated FFAs due to their 
hydrophobicity and insolubility and in turn inability to determine the pKa values in water.52 In 
order to determine the apparent pKa,app value of the fatty acid in the bilayer, we used the 
equations (1) and (2), and obtained following pKa,app values of 6.70 ± 0.10, 6.94 ± 0.08 and 6.63 ± 
0.14 for myristic, palmitic and stearic acid in the DOPC bilayer, showing no significant difference 
of pKa,app values with the chain length.  
Figures S1 – S6 show convergence of free energies as a function of simulation time for 
symmetrized profiles. We see that 25 ns of sampling is sufficient to converge the free energy for 
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both neutral and anionic FFA up to less than 0.6 kcal mol-1, as well as pKa values (Table S1). 
Nevertheless, the final converged free energy values of stabilization on each side slightly differ 
(up to 1.6 kcal mol-1) which is a consequence of insufficient sampling insertion/desorption events 
of the fatty acid at the membrane interface which can be resolved only at very long time scales 
and large bilayer setups.53  
The calculated results which show no increase of pKa values with the chain length are in 
agreement with experimental NMR values for palmitic and stearic acid where no substantial 
difference in measured pKa values for 3.3 mol% of myristic, palmitic and stearic acid in PC vesicles 
have been observed, being in the range of 7.2 – 7.4.16,17 Also, these results are at odds with the 
observed increase of experimentally determined pKa,app values with chain length obtained by 
zeta-potential measurements for DOPC liposomes with 40 mol% of incorporated FFAs.21 We 
should mention here that a direct comparison between theoretical estimation of pKa,app values in 
infinitely diluted systems such as ours and those obtained by different experimental techniques 
with finite concentration of FFAs is not possible, since the apparent experimental pKa values 
depend on the concentration of fatty acids in the bilayer and their mutual interaction, but also on 
salt concentration, temperature and other factors.54 This is especially visible when pKa values of 
monolayers consisted of fatty acids are examined, where pKa values increase with the fatty acid 
chain length assuming values in the range of 6 – 9 for chain lengths of C8 – C16, and are significantly 
higher as compared to the corresponding pKa values in membranes.18 This poses an interesting 
question for future investigations of systems with finite concentrations of FFAs in membranes, 
since it is known that the concentration of FFAs in cellular membranes varies depending on many 
physiological factors55 and high concentration of FFA is essential for cancer cell proliferation.56  
Since the pKa of FFAs is smaller than the pH of aqueous phase which is assumed to be strictly 
neutral with the value of 7, the fatty acids exist dominantly as anionic species in water phase. 
Therefore, the neutral form of the acid is less stable in water and it takes 3.2 kcal mol-1 to 
protonate it (see Computational Details). However, upon the translocation of the anionic form 
across the bilayer at the distance of ca. 1.5 nm from the bilayer center, the free energies of the 
neutral and the anionic form become equal (Figure 5). After this threshold distance, the neutral 
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form becomes more stable in the bilayer center instead of energetically unfavorable anionic form, 
being actually the dominant form transferred across the bilayer.41,42  
 
 
Figure 5. Free energy profiles of stabilization for neutral (red) and anionic fatty acid (blue) with calculated pKa values 




The proximity of two energy minima for neutral and anionic form separated by a small barrier of 
about 1 – 2 kcal mol-1 also implies that a rapid interchange between neutral and anionic form of 
fatty acid exists in the equilibrium. Due to spontaneous protonation in the hydrophobic 
environment,15 we can construct the hybrid free energy profile of translocation by merging free 
energy profiles for neutral and anionic forms at the position where two curves intersect (Figure 
6). In our case, the hybrid lowest free energy barriers for translocation are 4.2 ± 0.4 kcal mol-1 and 
3.2 ± 0.3 kcal mol-1 and 4.4 ± 0.5 kcal mol-1, for myristic, palmitic and stearic acid, respectively 
(Figure 6).  
 
Figure 6. Hybrid free energy profiles for translocation of anionic forms of myristic, palmitic and stearic acid. Free 
energy profiles are symmetrized between the leaflets. 
 
In this way we obtained only a crude approximation of the lowest free energy curve for 
translocation of anion, since protonation/deprotonation can also occur at different positions in 
the bilayer with different probabilities, not only at the intersection point of corresponding free 
energy curves. Nevertheless, permeabilities of ionic species calculated from hybrid free energy 
profiles have been shown to be closer to experimental values by several orders of magnitude than 
those calculated from free energy profiles for ion translocation alone, thus endorsing the 
existence of spontaneous protonation/deprotonation in the bilayer.41,57 We also believe that a 
possibility of spontaneous protonation of fatty acid anions in biological membranes shown in this 
work can help in elucidating the mechanism of fatty acid transport across the bilayers, offering 
an additional possibility of anion transfer across membranes in addition to protein-assisted 




Using molecular dynamics simulations, we showed that the stabilization of the neutral form 
in the bilayer with respect to water phase increases with the fatty acid chain length, ranging from 
-9.8 kcal mol-1 for myristic acid, -11.3 kcal mol-1 for palmitic acid and -13.0 kcal mol-1 for stearic 
acid. Neutral forms of fatty acids are stabilized inside the bilayer due to hydrogen bond formation 
of carboxylic –OH group with DOPC phosphate and carbonyl groups. The free energy barrier for 
translocation is independent of the fatty acid chain length and very low, being around ca. 3 kcal 
mol-1 for all studied acids thus confirming an experimental observation that the flip-flop of the 
FFA neutral forms is very fast4 in agreement with other computational results.3,19,24–26 On the 
other hand, the transport of the anionic form of FFA across the bilayer is qualitatively different. 
In a first place, there is no hydrogen bonding with of negatively charged carboxylic group with 
DOPC phosphate and carbonyl groups and fatty acid anion is shifted towards the water 
membrane interface where it easily makes hydrogen bonds with water at the interface thus being 
less stabilized by ca. 2 – 3 kcal mol-1 as compared to the neutral forms and assuming values of -
7.8, -8.3 and -11.2 kcal mol-1 for myristate, palmitate and stearate with similar flip-flop energy 
barriers of ca. 16 kcal mol-1. However, due to spontaneous protonation of FFA anion in the 
membrane and a very small barrier connecting these minima, the translocation barriers of anions 
are significantly lowered and comparable to the translocation barriers of neutral fatty acids. 
Finally, using free energy curves of neutral and anionic forms, we were able to calculate pKa values 
for myristic, palmitic and stearic acid which are 6.70, 6.94 and 6.63 being in agreement with 
available experimental NMR data. The change of protonation state of fatty acid upon 
translocation of anionic form resulting in significantly lowered hybrid free energy barriers, has 
important implications in future studies of proton transfer mechanism across more realistic 






Figures S1 - S13 and Table S1 showing convergence of free energy profiles and pKa,app values in 
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